[1] We apply a numerical avalanche dynamics model to predict runout, velocity, and spatial distribution of deposit thickness of eight rock avalanches. The model solves depthaveraged mass and momentum conservation equations for avalanche flow in general threedimensional terrain using a second-order finite-volume method. In this paper, these standard mass and momentum equations are supplemented with an additional relation describing the production and decay of the kinetic energy associated with the random motion of rock fragments within the avalanche flow. Using results from full-scale experiments with granular snow avalanches, we show that the random energy cannot perform mechanical work. Therefore, fundamental thermodynamic constraints exist between frictional shearing and the production of random energy that explain the reduction of flow friction as a function of the random kinetic energy fluxes. We utilize this result to extend the Voellmy avalanche rheology and simulate the eight case studies using one parameter set to avoid sitespecific parameter tuning. This procedure allows us to evaluate and compare simulation results of the case studies and gauge model performance. Our results support the hypothesis that the production of random kinetic energy within the flow is of relevance in the runout of rock avalanches. Although this random kinetic energy description is capable of reproducing a wide range of avalanche behavior, including extreme runout, more work is required to relate material properties of different rock types to the coefficients governing the production and decay processes. Furthermore, the fragmentation process itself must be included in the model to limit production rates.
Introduction
[2] A long-standing problem in the study of catastrophic landslides is to physically understand the frictional processes governing their motion, specifically their runout and deposition. This problem is often motivated by hazard appraisal and mitigation studies, but has become increasingly important to understand the role of landslides in eroding mountainous terrain and landscape evolution. There is growing empirical evidence that large catastrophic landslides such as rockslides or rock avalanches play a considerable role in the total erosion budget in areas of high topographic relief [Korup et al., 2007; Hewitt et al., 2008] . Current understanding of erosion and sediment flux in landscapes can be summarized in geomorphic transport laws [Dietrich et al., 2003] . These laws lump the complexity of different erosive processes in mathematical formulations, while satisfying the basic requirements of mass conservation. While most geomorphic processes can be described by such transport laws and despite suggestions of including landslide algorithms in numerical models of landscape evolution [e.g., Densmore et al., 1998 ], modeling the physically meaningful detachment and runout of landslides remains one of the processes yet to be encapsulated in a mathematically tractable form [Dietrich et al., 2003] . Moreover, so far there have been no physical-based formulations that would do justice to the peculiar runout characteristics of large catastrophic landslides.
[3] Detailed investigation and numerical modeling of the dynamics of large and rapid mass movements offer some promising ways to overcome this shortcoming. A number of numerical models have been proposed to describe and predict the runout dynamics of extremely rapid mass movements such as dense granular snow avalanches, debris flows, and rock avalanches [e.g., Hungr, 1995; McDougall and Hungr, 2004; Mangeney-Castelnau et al., 2005; Kelfoun and Druitt, 2005] . Most of these models use a modification of the St. Venant shallow water equations [Savage and Hutter, 1989; Denlinger and Iverson, 2001; Gruber and Bartelt, 2007] together with a Voellmy rheology [Salm, 1993; Bartelt et al., 1999; Crosta et al., 2004] . Generally, these models reliably reproduce general characteristics of the landslide deposits such as the total area inundated by debris or the maximum runout. The primary advantage of the Voellmy rheology over other methods is that it contains only two fitting parameters, i.e., the Coulomb friction parameter m and the velocity-dependent friction parameter x. Combinations of m and x appear to be able to simulate a wide range of documented landslide and avalanche motions.
[4] Despite this progress, the family of these models is subject to two fundamental shortcomings. First, the modeling of large rock slope failures requires calibration of the rheological parameters for a given site in order to produce realistic runout morphologies [e.g., Kelfoun and Druitt, 2005] . For the classic Voellmy approach, for example, the obtained parameter sets cannot be readily applied to different case studies [Körner, 1976] . This is particularly true for dense granular snow avalanches, where the Voellmy parameters change with avalanche size, terrain and snow characteristics [Gruber and Bartelt, 2007] . In practice (both snow and rock avalanche), the primary information used to calibrate model parameters arises from the deposition features of the event (runout distance, deposition area, transportation sectors, counterslope runup, center of area, superficial geometry [e.g., Crosta et al., 2004; Kelfoun and Druitt, 2005] . The duration of many events is also known from recent events, providing mean velocities. However, exact measurements of flow height and internal velocity distributions remain rare. Although this information is valuable, it still does not allow an exact calibration of the Voellmy parameters. This shortcoming of the Voellmy model is relatively minor in comparison to the more fundamental problem of understanding the physical processes behind the model parameters and the dynamic motion of large rock and debris avalanches. Here, the Voellmy model provides little insight.
[5] Second, there are rarely sufficient constraints on the initial and boundary conditions for the model runs in terms of quantitative information about the topography immediately prior to the detachment of the landslide. While the initial source areas and volumes of large bedrock landslides can be constrained to ±10% in the most ideal of cases, the error margins are typically within ±30 to 50% [Korup, 2006] . Lack of information regarding entrainment volumes also introduces errors in mass balance calculations. The initial (prefailure) topography of the detachment and runout zones of large landslides is thus rarely known in detail and a number of simplifying assumptions is required. While this drawback is of less importance in hazard mitigation studies that are based on scenarios assuming different source areas and volumes, it can severely affect the topographic output of landscape evolution models. When predicting topographicchange-induced erosion by landsliding, the selection of the source area and volumes is central because it affects the overall mass balance of the event. Obviously, the choice of the detachment area controls the predicted erosion rates, independent of the model results. Therefore, back-calculations with an accurate numerical runout model could be used to delimit the initial and boundary conditions, but to our knowledge there are no studies indicating whether this is a reliable approach.
[6] In this paper, we address these two problems by extending the Voellmy flow model with an equation governing the production and dissipation of the energy associated with the random movement of rock and debris fragments [Bartelt et al., 2006; Buser and Bartelt, 2009] . The introduction of the random energy requires redefining the energy balance because the energy source, the gravitational work rate, is split into kinetic, internal and random energy components [Bartelt et al., 2006] . This splitting is constrained by fundamental thermodynamic relationships between shear (that is friction, given by some constitutive model) and the production of random energy. Specifically, we investigate how random kinetic energy affects the frictional behavior of a basal shear layer, that is a common assumption in the modeling of granular flows [e.g., Denlinger and Iverson, 2001] . That is, we find our consideration of random energy places constraints on any constitutive flow model. We introduce random kinetic energy in the Voellmy model because it is one of the most often applied snow avalanche dynamics models, not only for dense granular snow avalanches, but also applied for rock avalanches [e.g., Körner, 1976] . Although we do not consider the fragmentation process explicitly, the inclusion of the random energy associated with the rock fragments into the Voellmy rheology helps extend the theory of dynamic fragmentation in rock avalanches proposed by Davies and McSaveney [2002] and Davies et al. [2007] . It helps explain the commonly long runout of large catastrophic rock slope failure without the need to invoke any other mechanisms apart from mechanical role of the fragmented mass.
[7] The R model is based on full-scale observations of dense granular snow avalanches, possibly the only gravitational mass movements where the evolution of shearing within the avalanche flow body has been experimentally measured [Kern et al., 2009; Buser and Bartelt, 2009] . Large dense granular snow avalanches exhibit many flow features similar to rock and debris avalanches, including granular fragmentation [Bartelt and McArdell, 2009] , both highly fluidized and plugflow regimes [Kern et al., 2009] and, most importantly, frictional relaxation [Bartelt and Buser, 2010] , in the sense that the dynamic friction coefficients are significantly smaller than their static values [e.g., Di Toro et al., 2004] .
[8] We test the R model on eight highly diverse deposits of catastrophic rockslides and rock avalanches in the European Alps by comparing predicted with deduced or measured runout distance, spatial extent, deposit slope gradient distribution and deposit centroid location. We compare simulated deposit thicknesses with values obtained from topographic analyses of digital elevation models for two of the cases. Our choice of case studies is guided by the intention to encompass a diverse set of events with broadly differing characteristics in order to place tight constraints on the model performance. Thus, the examples involve volumes V of 35 * 10 6 m 3 ≤ V ≤ 12000 * 10 6 m 3 . The emplacement of these rock slope failures has been influenced by various types of topographic [Nicoletti and Sorriso-Valvo, 1991] and geologic controls, and has occurred between 14,000 years BP and 1987. All examples are documented [e.g., Heim, 1932; Abele, 1974; Eisbacher and Clague, 1984; Crosta et al., 2004; Schneider et al., 2004; Pollet et al., 2005; von Poschinger, 2005; Korup, 2006; Crosta et al., 2007] with sufficient quantitative data for numerical modeling.
[9] We emphasize, our primary intention is to study how fragmented material affects the overall energy balance and frictional behavior of rock avalanches. Therefore, we do not change the model parameters for each different event, but use a single parameter set to avoid site specific parameter fitting.
This establishes a basis to compare simulation results. The main difference to other studies [e.g., Körner, 1976] is that this procedure helps demonstrate the predictive capacity of the model, although each event could be more accurately simulated by tuning parameters.
Constitutive Modeling of Rapid Mass Movements
[10] The constitutive behavior of large rock avalanches has been primarily deduced by postevent, field and numerical analysis of depositions [e.g., Crosta et al., 2004; Kelfoun and Druitt, 2005; Smith et al., 2006] . The most striking feature of these deposits is their long (10 3 -10 4 m) runout, which tends to increase nonlinearly with failure volume, implying small or significantly reduced friction coefficients that cannot be readily explained by a Coulomb friction model [e.g., Hsü, 1975] . Another distinct feature of deposits from large catastrophic rock slope failures is the presence of fragmented or disintegrated material near the basal shear plane [Davies et al., 1999; Davies and McSaveney, 2002; Crosta et al., 2007; Dunning et al., 2005] and the sporadic presence of basal frictional melt planes [Weidinger and Korup, 2009; Legros et al., 2000] . Various processes have therefore been proposed to explain the strikingly low friction coefficients in terms of granular fragmentation [Davies et al., 1999; Davies and McSaveney, 2002] , acoustic fluidization [Collins and Melosh, 2003] or frictional melting [de Blasio and Elverhøi, 2008] . These approaches attempt to explain the increased mobility of the flow mass without invoking excess pore pressures caused by the presence of additional agents like water or air [Shreve, 1968] . That is, they consider dry avalanching flows. Because no direct experimental observations are available (and it is very unlikely that any measurements will ever be available) the theories remain speculative. Laboratory experiments with dry granular material have been employed to deduce the frictional behavior of granular flows down inclined planes [e.g., Pouliquen and Forterre, 2002; Jop et al., 2006] , yet when employed to model real events appear to be less insightful into deposit geometry than simple empirical Voellmy type relations with constant friction coefficients [Körner, 1976] .
[11] Field scale measurements of dense granular snow avalanches provide an opportunity to learn more about the frictional behavior of rock avalanches. Indeed, dense snow avalanches exhibit many of the same flow characteristics as rock avalanches: they are composed of hard clumps and clods of snow (Figure 1) formed as large blocks of the snow cover fragment and disintegrate [Bartelt and McArdell, 2009] ; they exhibit reduced friction coefficients, that differ strongly from their static values [Salm et al., 1990] . The excess pore pressure argument cannot be used to explain the mobility of dense dry snow avalanche flows which seldom generate enough pore water to saturate the pore space, especially in cold weather conditions. A salient feature of dense snow avalanche measurements is the presence of large shear rates at the avalanche front and plug flow regimes at the avalanche tail [Kern et al., 2009; Sovilla et al., 2008] , indicating that, like rock avalanches, the upper regions of the flows, especially at the tail, can move as rigid blocks, transporting large snow fragments coherently over a rapidly shearing basal layer (Figure 2 ). Measurements in dense snow avalanches suggest that the reduced friction arises from the granular prop- Figure 1 . Photography of rock and snow avalanche deposits. Both exhibit larger blocks inside a finegrained matrix. Figure 2 . Sketch of sheared flow in XZ plane. Landslide starts as a block but develops into partially or fully fragmented flow. We account for the depth-averaged mean kinetic energy associated with the random movement of the rock fragments R. Information regarding the depth distribution of the random energy is lost. The other variables are described in the text. erties, i.e., fragmented material, of the flow mass [Bartelt et al., 2006] .
Rock Fragments, Velocity Fluctuations, and Energy Conservation
[12] To show how fragmented material can lead to a decrease in the effective flow friction, we begin by describing the kinetic energy associated with the flowing granular debris. We suppose a two-dimensional volume within the rock avalanche flow to contain n discrete rock particles (Figure 2 ). We consider a two-dimensional volume since we are concerned with describing the influence of vertical movements in the z direction on the flow in the x direction. The size of the volume, however, must be large enough such that the averaging procedure described below is valid. The particle-averaged mean velocity of the volume is
where u i (x,z,t) and w i (x,z,t) are the velocities of the ith rock particle (x and z are the directions of the mean velocity and perpendicular to it, respectively ( Figure 3 ). As in the study of turbulent flows, it is mathematically convenient to write the instantaneous value of the particle-averaged flow velocity as the sum of the time averaged mean (which we denote with a bar) and the fluctuation from the mean [Davidson, 2004] [13] For small time intervals, it is natural to consider the flow as approximately steady, even when the flow as a whole is not steady [Kolmogorov, 1941] . Therefore, we describe the motion of an avalanche in simple shear (Figure 2 ) by the superposition of the horizontal and vertical fluctuation velocity of the n particle system u r (x,z,t) and w r (x,z,t) on the corresponding laminar, steady-on-average flow fields u (x, z) and w(x, z) = 0. The fluctuation velocities are given by
and w r x; z; t ð Þ¼ 1 n
where u i (x,z,t) and w i (x,z,t) are the fluctuation velocities of the ith rock particle. The time-averaged mean of the fluctuations is necessarily zero:
[14] The translational kinetic energy K is associated with the mean flow velocity u (x, z)
where r is the rock avalanche flow density, typically on the order of 2000 kg m 3 2500 kg m 3 :
[15] The kinetic energy associated with the motion of the rock fragments R is
[16] Conservation of energy demands that the sum of the rate of change of the total energy is equal to the rate of work done by the external forces [Anderson, 1996] . Therefore
where _ K denotes the rate of change of translational kinetic energy per unit volume; _ E denotes the internal energy; _ W g is the gravitational work rate, which is always positive and equal to the change in potential energy of the rock avalanche U; that is _ W g = À _ U . (The negative sign arises because the loss of potential energy does positive work on the flow.) The rate of working of the viscous shear forces is _ W f . The fluctuations cannot create or destroy mechanical energy, because they are mathematically found from an averaging procedure that is by definition unbiased (the first moment of the fluctuations is zero [Kolmogorov, 1941; Bartelt et al., 2006; Buser and Bartelt, 2009] ). The ensemble average of the noise (the mechanical work done by the fluctuations, integrated over some volume) necessarily vanishes. Therefore, the fluctuations, in the mean, cannot produce a direct change in the translational kinetic energy of the avalanche (by the workenergy theorem), similar to the fluctuations in fluid turbulence [Davidson, 2004] . The frictional work rate can now be decomposed into two parts:
where _ W f !K is the part of the frictional work rate which affects the mechanical energy. This component can be easily deduced from the basic momentum conservation equations. For a flow in simple shear (the flow case we are most interested in because of the application of depth-averaged equations), the shear stresses S zx act on the upper and lower boundaries of the volume element (Figure 2 ), resisting motion in the x direction. The shearing tractions create a velocity distribution in the x direction u(z). The velocity gradient is therefore _ ¼ @uðzÞ=@z. The work done by the shearing traction is
[17] From momentum conservation we have [Davidson, 2004] 
and, subsequently, by equation (5),
[18] The component _ W f !K cannot be responsible for the production of the fluctuation energy, since it operates only on the mechanical energy, by definition. The remaining part of the frictional work rate _ W f !E must therefore increase the total internal energy _ E of the avalanche by subdividing itself into the production of both thermal _ F and fluctuation energies _ R:
[19] The negative sign arises because the always negative frictional work must raise the thermal energy. The summation of the thermal and random energies is possible because both are scalar quantities and both are irreversible. Although _ R is not true internal energy, it is certainly on its way to becoming thermal energy [Bartelt et al., 2006] . One method to produce random energy is to proportion it linearly with the frictional work rate and then have it decay in proportion to itself. The comparison with velocity profile measurements in the field of dense granular snow avalanches suggests that this separation of thermal and fluctuation energies is plausible . Therefore, we let
or,
where −a _ W f !E is the part of the frictional work rate producing random energy a 2 [0,1] and b R is the decay of random energy (or heat produced) caused by the inelastic interactions (collisions, fracture, abrasive rubbing) between the rock particles, b ≥ 0. The random energy has a distinct one-way character: once it is produced, it can only decay by dissipative processes, producing only heat, which we account for with the term b R. The production of random energy is limited by the frictional work rate and therefore requires some shear strain; however, the net amount is controlled by the decay. In the absence of some shear strain, the random energy will most likely be quickly destroyed, especially in dense granular snow avalanches where the snow-snow interactions are highly dissipative. It follows from equations (14) and (15), that the rise in thermal energy is
[20] We do not consider that the heat production may, under extreme conditions, produce phase changes.
Depth-Averaged Model Equations for Rock Avalanche Computation
[21] Let X and Y be horizontal coordinates in a fixed Cartesian coordinate system and Z(X,Y) denote a mountain profile parameterized in X and Y. The independent variables x and y denote the arclength along the surface topography, the z coordinate is perpendicular to the mountain profile. The coordinates x, y, and z define a local surface orthogonal coordinate system. Its orientation varies with the position on the surface, such that the vector of gravitational acceleration g = (g x ,g y ,g z ) has three nonzero components in general, in each case functions of x and y. Time t completes the set of independent variables for the system.
[22] We assume rock avalanches exhibit shallow flow geometries with respect to the local relief of the source slope and surrounding mountain terrain, requiring the ratio of the characteristic flow height (h ≈ 100.0 m) and characteristic avalanche length (l ≈ 1000 m), " :¼ h l , is small " ( 1. It is this geometrical property which justifies a model formulation in terms of depth-averaged field variables [Savage and Hutter, 1989] . Details on the integration of continuum models for shallow free surface flows can be studied in the work of Savage and Hutter [1989] . We therefore solve the following differential equations:
and
[23] The field variables of interest are the avalanche flow height H(x,y,t) and the transpose of the mean avalanche velocity vector U(x,y,t) := (U x (x,y,t),U y (x,y,t))
T . Clearly, we assume that the flowing avalanche exhibits a well-defined top free surface with a sharp density variation between the flow and surrounding air. The density of the flow r is constant. The magnitude and direction of the flow are given by
and the unit vector
respectively. We likewise assume that the velocity profile modification factors are unity [Savage and Hutter, 1989] . The right hand side terms of the momentum equations sum to an effective acceleration. More explicitly,
denote the driving, gravitational accelerations in the x and y directions, respectively; S fx and S fy denote the friction.
[24] The mass (equation (17)) and momentum balance equations (equations (18) and (19)) are now supplemented with a depth-averaged equation governing the production and decay of random kinetic energy (compare equation (15))
[25] This equation accounts for the production, decay and advective transport of the mean random kinetic energy R(x,y,t), which is now an additional avalanche field variable. Because we cannot, at present, experimentally separate the diffusion, production and decay processes, we neglect the diffusion of R, assuming that the convection is the primary transport mechanism. The production of random energy is driven by the mean frictional work rate S f kUk, in agreement with equation (12).
[26] The flow friction in the x and y directions is given by the Voellmy relations
with n u = 1 kUk (U x ,U y ).
[27] The Voellmy approach splits the total friction into a velocity-independent dry Coulomb term which is proportional to the normal stress at the flow base (friction coefficient m) and a velocity-dependent "viscous" or "turbulent" friction (friction coefficient x) [Salm, 1993] . The division of the total friction into velocity-independent and -dependent parts allows the modeling of avalanche behavior when the avalanche is flowing with high velocity in the acceleration zone and close to stopping in the runout zone. The Voellmy approach therefore allows the modeling of avalanche behavior from initiation to runout. The Voellmy model describes the mean shear stress and provides no information regarding the distribution of shear within the avalanche body. The shear stress S f represents the total shear at the avalanche base, the sum of the internal shear stresses which vary as a function of the flow depth. The Voellmy model simply relates the mean avalanche flow velocity U and flow height h to S f . Finally, in this model formulation we do not account for internal shearing induced by longitudinal strain gradients in the flow direction [Savage and Hutter, 1989] . Details regarding the numerical solution are found in the work of Kowalski [2008] .
Voellmy Parameters and Frictional Relaxation
[28] Experiments with dense granular snow avalanches Bartelt and Buser, 2010] indicate that the relationship between shearing S f and random kinetic energy in the mean, can be expressed as
[29] Velocity profiles in snow avalanches [Kern et al., 2009] can be modeled using a constitutive relation accounting for dependence of effective shear viscosity on the distribution of R over the height of the avalanche . Lower shear viscosities are found at larger values of R. Buser and Bartelt [2009] could model the evolution of velocity between the head and tail of the snow avalanche by assuming a distribution of R over the height of the avalanche. They assumed R to be higher near the basal shear plane and that it decays exponentially with flow height (Figure 2 ). The mean random kinetic energy
was then related to the Voellmy coefficients m and x. In agreement with equation (24) they found [Bartelt and Buser, 2010 ]
where m 0 and x 0 govern the motion of the flow when R → 0. These parameters are found as the avalanche is near stopping and determine the final distribution of deposits on the slope.
In this sense, m 0 can be considered the "static" at-rest friction angle. The parameter R 0 determines how an increase in random energy decreases the flow friction. For dense granular snow avalanches, Bartelt and Buser [2010] have found R 0 = 4 kJ m −3 .
[30] In summary, the relationship between the production of the mean random kinetic energy R and the distribution of shearing is complex: when R increases, the frictional stresses S f decrease (equation (24)). But when the frictional stresses decrease, the production of random kinetic energy will likewise decrease in proportion to S f (equation (21) ). This suggests a circular, but self-regulating, frictional relationship with strong feedbacks that is very sensitive to changes in the slope angle (gravitational acceleration), which finally determines the avalanche speed and therefore the magnitude of the shearing S f and the level of fluidization R. This model predicts that the frictional shear stress and driving gravitational stress can reach an equilibrium for a wide range of slope angles, but the distribution and magnitude of R will differ on each slope. Of course, the equilibrium is also strongly dependent on the properties of the granular material, which are included in the constitutive coefficients, a, b, and R 0 . The parameter a 2 [0,1] describes the production of random kinetic energy by shearing, perhaps more appropriately the "scattering" of the rock fragments by shearing. The parameter b defines the lifetime of the random energy and is very much a function of the fragment properties, such as coefficient of restitution, rock strength, shape and size.
Selected Rock Avalanches/Rockslides for Modeling
[31] The following section gives a short summary of the eight case studies we investigated (Table 1, Figure 4 ).
[32] The Chironico rock avalanche is located in the central Leventina valley in the Canton Ticino, Switzerland. It occurred 13,800 years BP, when 3.1*10 8 m 3 of crystalline rock rushed from the eastern flank from 1500 m asl into the main valley of 900 m and blocked the Ticino River, impounding a lake which lasted for 120-730 years [Antognini and Volpers, 2002] . Subsequent channel incision formed a deep gorge through the deposit. Although this event is one of the oldest of the investigated rock slope failures there is no evidence for subsequent glacial advances over the deposit [Antognini and Volpers, 2002, and references therein] .
[33] The Goldau rock avalanche is known as one of the most severe natural disasters in Swiss history. In September Figure 4 . Locations of the selected events for modeling. Numbers refer to Table 1 . Figure 5 , describes the relation of horizontal difference between observed and modeled center of deposition area compared to total observed runout. 1806 3.5-4*10 7 m 3 failed from the Rossberg [mountain] in Central Switzerland and descended within 3 minutes onto the unconfined valley floor, obliterating the village of Goldau, and claiming more than 450 lives. Reports indicate that before the event there was constant rainfall for some weeks, with considerable intensity [Heim, 1932] . The geologic conditions in this region favor large rockslides as there are interbedded strata of conglomerate and marls with well-defined bedding planes and hydrologically different properties, so high cleftwater pressures could easily develop and trigger large-scale instability. Traces of older deposits indicate that the Goldau rock avalanche was not the first slide to detach from this site [Abele, 1974] .
[34] The Flims rockslide is the largest catastrophic landslide in the European Alps [Ivy-Ochs et al., 2009] . A rock mass of 9-12*10 9 m 3 rapidly failed along gently dipping bedding planes at 8,900 ± 700 years BP, blocking the upper Rhine river to form a lake of some 30 km in length, and covering some 75 km 2 with highly fragmented rock debris up to ≤400 m thick. To the present day the channel of the Rhine has not eroded through the base of the rockslide debris [von Poschinger, 2005] . The Flims rockslide is a classic example of a giant landslide, with well-preserved irregular hummocky terrain [Heim, 1932; Abele, 1974] , and pervasively fragmented [Pollet et al., 2005] though stratigraphically intact rock debris [Heim, 1932] .
[35] The rock avalanche at Kandersteg is an instructive example of a catastrophic long-runout rock avalanche that flowed for nearly 12 km, channelized, along the course of an alpine valley. Failure occurred ∼9,300 ± 300 years BP [Tinner et al., 2005] , and involved some 8*10 8 m 3 of rock mass. We considered the Kandersteg rock avalanche as a good reference for calibrating the model as its preevent topographic conditions are relatively easy to estimate, because the major deposit boundaries against bedrock are exposed, the runup traces at the counterslope are still obvious and the toe of the deposit shows a distinct terrain-knick toward areas further downstream.
[36] The "Kleines Rinderhorn" rock avalanche is only briefly described in the literature [Abele, 1974; Erismann and Abele, 2001] . The landslide occurred on the northwestern flank of the "Chli Rinderhorn" (3003m) and mobilized ∼4-4.5*10 7 m 3 of rock.
[37] The Köfels rockslide has a volume of 2-3*10 9 m 3 and is the largest in crystalline rocks in the Alps. It occurred in the lower part of the Ötz valley, Austria, ∼8,700 years BP [Brueckl and Parotidis, 2001] , moving down from the western flank into the valley perpendicular to the valley axis, reducing the height of the scar ridge up to 250 m. The Köfels rockslide is particularly known for its exposure of partial rock melt induced by basal frictional heating [Heuberger et al., 1984] .
[38] The Totalp rock avalanche near Davos, Switzerland, occurred sometime between 14,000 and 16,000 years BP [Furrer et al., 1987] . This event had huge impact on the surrounding landscape. The landslide (6-7*10 8 m 3 ) [Abele, 1974] initiated from the Totalphorn mountain into a deep gorge, formerly located between the settlements of Davos and Klosters [Cadisch, 1926] . The localization of the scar area is complicated, because it does not describe an arc-like shape and the area experienced intense tectonic stress. We reconstructed it by assuming a scar area much larger than Abele [1974] , because this would envelope only 4*10 7 m 3 which is only 7% of the deposit mass. This case study was selected to demonstrate the use of the model in cases where the scar area is difficult to determine.
[39] The Val Pola rock avalanche, Italy, is the youngest of the selected case studies. It occurred in July 1987 after a period of heavy rain [Crosta et al., 2004] . The rock avalanche encompassed a volume of 3.4-4.3*10 7 m 3 and reached velocities of up to 75 ms −1 and a runup on the counterslope of approx. 300 m above valley bottom [Crosta et al., 2004, p. 129] (Figure 14) . It fell straight down into the valley and built a dam, which blocked the Adda river leading to a development of a lake. This is the only example for which detailed engineering geological research has been carried out [Crosta et al., 2004 [Crosta et al., , 2007 Govi, 1989] .
[40] Because the eight events occurred in varying topographies, we defined different measures to compare our field observations with the model results. For example, in the Chironico, Flims, Köfels and Val Pola case studies the masses released from flanks almost perpendicular to the valley axis, causing the masses to runup the counterslope and then spread in two directions, which makes it difficult to assign a meaningful runout measure. We therefore defined several vectors in the horizontal XY plane of the observation and model domains, to characterize the direction of the flowing mass from the scar area to the valley bottom, flow vectors ( 
[41] The runout length L is defined as sum of the lengths ofs and v d :
[42] The topographic deflection angle sL is
[43] These three values are reported in Table 2 . Note that the deflection angles vary between 63°≤ sL ≤ 123°. We acknowledge, that some relevant parameters were not included into the modeling as, e.g., different rock densities, adjacent joints or faults and previous destabilization by high water pressures or seismic shaking. We emphasize, that with this work we want to receive an overview picture of the influence of rock fragments on the outcome of rock avalanche deposits.
Data Preparation and Modeling
[44] To investigate how the model reacts to different topographic settings and failure volumes we compiled simple artificial topographies simulating fluvially shaped valleys with six different valley flank slope gradients (s = 0.36-1.0), showing inclinations between 20°and 45°using a compu-tational grid of 25 m spacing. Different surface roughnesses were also studied by adding a Gaussian distribution to the plane surface with a mean value x = 0m and a standard deviation of s = 0,5,20m, respectively. We varied surface roughness to investigate its role in influencing the surface properties of the calculated deposits. Additionally we used five different failure volumes ranging from 1.6 to 6.3*10 7 m 3 . Scar geometry is a rectangle with 500*300 m length and width, respectively, with a flow path perpendicular to the valley axis. The vertical distance between valley floor and lowest section of the scar was 1000 m ±0.5%; the length of the sliding plane L s varies as
[45] For our case studies, we defined the modeling domains by clipping a 25 m resolution digital elevation model (DEM, i.e., the Swiss DHM25) to sufficiently large buffer regions around the mapped landslide deposits, a 90 m DEM for Koefels and a 10 m DEM for the Val Pola region. We resampled the grid resolution to 50 m to allow efficient computing, while retaining some surface detail and to avoid an additional variable in the computing process. The resulting calculation domains covered 10 km 2 to 300 km 2 . Prefailure DEMs were only available for the Val Pola landslide, all other prefailures topographies had to be reconstructed. Back calculation of current thalweg profiles was done by calculating the mean horizontal distances of 50 m contour lines upstream and downstream of the current deposits and using the mean distance as measure for preevent thalweg profile. A general valley cross section was derived by upstream and downstream valley sections, where the valley floor and walls are less affected by the rock avalanche deposits. This generalized pattern was extrapolated into the valley sections affected by rock avalanches. Subsequent deposit development by postprocess events such as lake development also were removed, following the same procedure as described above.
[46] Deposit areas were obtained from the DEMs, literature, published maps, and modified following field investigations. Total volumes were cross-checked by calculating the differences between inferred prefailure and postfailure topography and with existing estimates [e.g., Heim, 1932; Antognini and Volpers, 2002; Crosta et al., 2004; von Poschinger, 2005] . Scar areas were reconstructed from the present topography by "filling in" the failure volumes compiled from the literature [Tinner et al., 2005; Abele, 1974; Brueckl and Parotidis, 2001; Crosta et al., 2004; von Poschinger, 2005] . Our estimated failure volumes have uncertainties of ±10% compared to those reported earlier (Figure 6 ), except where there are differing estimates of volumes for the Köfels event, (−30%) [Abele, 1974; Brueckl and Parotidis, 2001] .
[47] A modeling test series was developed, in which we used identical input parameters for all events (r = 2500[kg/m 3 ], Figure 5 . Sketch of geometric parameters used for comparison between observed and modeled rock avalanche deposits. Total rock avalanche as example for visualization. . We calibrated the a, b and R 0 values for rock avalanches by initially assuming values for dense granular snow avalanches. The input parameters were then fitted to rock avalanches using the Kandersteg event as reference for parameter adjustment. We chose this example because it has retained the most pronounced scar area, whereas its runout behavior and extent was largely controlled by the straight and regular topography of the Kander Valley. The m 0 value represents the friction angle of the fragmented rock material at rest. We take this value to be approximately 32°which is in accordance with values for fractured rock reported in the literature [e.g., Byerlee, 1978] . Although the case studies varied in geomechanical properties, for this study we use a single parameter set to demonstrate the role of fragmented material in friction reduction. It may be possible to find a better fit for each case study by modifying the parameter set. However, without detailed information about the events, this involves considerable speculation. Therefore, we take a and b values found from dense snow avalanches containing hard ice clumps as reference values ; R 0 values are slightly higher than values found for dense granular snow avalanches [Bartelt and Buser, 2010] .
[48] For the simulations of Flims, Goldau and Totalp, the basal shear resistance was reduced to m 0 = 0.1 and m 0 = 0.2, respectively, to ensure sufficient acceleration as the particularly low gradient of the basal detachment planes of these sites did not allow initial motion. We are not able to simulate slidetriggering on low slopes in which other mechanisms, such as water or earthquakes, could be responsible for the release. Using a static coefficient of friction of rock m 0 = 0.62, these events did not show the reported initial movement patterns. While the model describes the behavior of granular flows, it is not able to reproduce a number of peculiar transitional phenomena in rock avalanche motion, such as initiation as a pure rock-block slide with subsequently increasing amounts of fragmentation which is thought to have occurred at Flims [von Poschinger, 2005; Pollet et al., 2005] . The model assumes a fully developed flow, leading to an instantaneous lateral spreading of the material from the onset of the flow. This influences the spatial extent of deposition, as material may flow over unaffected areas, especially when a complete mountain ridge collapses as in the case of Köfels, or is not geometrically constrained by valley sidewalls as in Goldau, Totalp and Kandersteg. Clearly the transition between the unfragmented release mass sliding on a well defined surface to the fragmented mass is not modeled. We removed all deposits near the ridge line caused by instantaneous lateral spreading. When the release area is located near the ridge line, the upper part of the release mass can spread up and past the ridge line and flow down the opposite valley side. These flow masses were typically less than the 5% of the total mass. This is small, considering we cannot determine the release masses to this accuracy. This modification was necessary for Kandersteg, Köfels and Totalp. No modification of deposits was performed on the primary flow paths or in the calculated deposition zones.
[49] Modeled deposits were extracted from DEMs and analyzed for their slope gradients, covered area, center of deposit area and in Kandersteg and Val Pola for their deposit thickness. Deposits slope gradients and spatial extents were compared to surface patterns of the deduced extents of the rock avalanche deposits for estimating the accuracy of our model. Deposit thickness was derived from failure volume and deposit extent for modeled and measured events, respectively. Model runs were terminated when the spreading of the remaining mass became < 1% of the total mass. All model time sequences therefore range from 10 s to 250 s. This time interval closely approximates those of the observed events as far as eye witnesses are concerned, i.e., 180 s for Goldau [Heim, 1932] and Val Pola [Crosta et al., 2004, Figure 10] . Deposit section intensively reworked by subsequent processes were neglected to focus on section with less surficial alteration through time.
Results

Effect of Different Topographic Properties on Modeled Deposits
[50] First-order results for the synthetic test cases (Figure 7 ) show that the total covered area reduces with increasing valley flank steepness, in parallel, the runout length increases (Figure 8) . This trend appears independent of failure volume and surface roughness. The modeled cases do show that the runout distance does not exceed 4km, but larger volumes do not show strong differences for different valley steepnesses. Smaller failure volumes are more affected by increasing steepness, because then their increase in runout is stronger than for large landslides (Figure 8 ). Mean deposit thickness of rock avalanche deposits is very similar for low valley steepnesses, but with increasing steepness, higher volumes produce thicker deposits, independently from the surface roughness (Figure 8 ). Deposit symmetry indicates the relation of the deposit sections, on scar slope and counterslope of valley floor axis. Let A d represent the sum of the deposit areas
where A s is the deposit area on the scar slope and A c represents the counterslope portion. We calculate symmetry by dividing A s /A c . A value near 1 indicates similar deposit extent, values below 1 indicate an asymmetric distribution with a majority on the counterslope. The simulation results indicate that low valley steepnesses produce very asymmetric deposits, but the steeper the valley flanks become, the more symmetric the deposit distribution becomes (Figure 8 ).
[51] Comparison of deposit surface slope gradients indicates a dependency on surface roughness of the sliding plane. At very smooth planes, slope gradient distribution is strongly pointed to one or two domains of high relative frequency (Figure 9) . Also moderate roughness still shows a strong trend into one single, prominent peak. For high roughness, the distribution becomes smoother and the peaks are quite weak compared to those of the other events (Figure 9 ).
Runout Distance, Spatial Extent, and Mobility
[52] We continued our evaluation of model performance using the case studies by first comparing the observed and modeled spatial extents of the avalanche deposits (Figure 10 ) and the slope gradient distribution (Figure 11 ). For six of the eight avalanches (Chironico, Flims, Kandersteg, Kleines Rinderhorn, Totalp and Val Pola) the agreement between modeled and observed runout length L is acceptable, and the correlation coefficient R 2 = 0.96 for all eight events (Figure 12a) shows high accordance to observed values. To match the documented runout distances using the standard Voellmy model, the Coulomb friction coefficient m had to be varied (Table 3) , supporting the notion that the standard Voellmy model requires case-by-case calibration. The only runout distance outside the 95% confidence interval of linear fit is Goldau. In the reconstructed model domain the western flank of the release area was unconfined and the numerical model predicted that mass instantaneously spread from the scar area, down that flank and subsequently down the valley, essentially in the wrong direction. In reality, it appears the avalanche mass was rigid at the onset, preventing lateral spreading. The mass fragmented at a later point downslope.
[53] Modeled deposit lengths D also correspond well with mapped dimensions (Figure 12b ), although D is slightly overestimated. The modeled Köfels deposit extends significantly more upstream and downstream than is mapped, and ran farther up the counterslope. Assuming that the debris mass was most likely compact [Abele, 1974] with negligible spreading, the model overpredicts the deposit length. This results from our assumption of a fully developed fragmented flow immediately after release, and thus greater fluidity. Clearly, this assumption does not appear to be fully valid in the case of Köfels, which exhibits a much more block-like movement, indicating only partial collapse along existing major rock mass defects.
[54] Another common metric to characterize rock avalanches is the ratio of drop height over runout, H/L (Table 1) , which has been considered to resemble the bulk effective friction coefficient of the sliding mass [Heim, 1932] . The values of H/L derived from field data and numerical modeling show good agreement (Figure 12c , R 2 = 0.92) Interestingly, for the eight example cases we studied, there is clustering around 0.2 < H/L < 0.25 with two extreme values of H/L = 0.09 (Flims) and H/L = 0.34 (Val Pola) . While the R model is able to simulate both extreme cases with constant friction values, the friction coefficients of the standard Voellmy model (Table 3) , found by fitting the calculated L to the observations, shows no correlation to the observed H/L.
[55] The ratio between maximum flow width W and runout L normal to the valley axis provides another measure of the mobility and spread of avalanche deposits in terms of valley filling. Comparing simulations with observations reveals a general trend to overestimate the observed W/L values. Modeled deposits are generally wider than observed ones, especially for longer runout lengths L. At Flims the simulated flow shows higher runup on the counterslope (and a stronger upstream flow), Val Pola simulation shows a counterslope runup up to 500m above valley bottom, 200m more than Crosta et al. [2004] observed; in Kandersteg the observed deposit is primarily located in thevery valley bottom, whereas the simulated event shows a much broader valley filling, nevertheless, the simulations show, that during the flow the mass sometimes is not located in the valley bottom at all (Figure 16 ). All modeled deposits envelope larger areas than observed (Figure 12d ).
Slope Gradients and Deposit Thickness
[56] We further compared the distributions of slope gradients (m * m −1 ) of the deposit surface to the modeled values, simplistically assuming negligible modification of landslide deposits (Figure 11 ). Thus, we expect some deviations between observed and modeled values, except for perhaps the historic Val Pola event. Clearly, both the observations and model show non-Gaussian distributions, with deposits dominated by low slope surface gradients (Figure 11 ). According to Mann-Whitney tests, the distributions do not differ significantly (a = 0.05).
[57] With the exception of the Totalp case study, all deposits are characterized by skewed and somewhat bimodal slope-gradient distributions (Figure 11 ). Although the model was able to capture this general trend, we observe deviations for each case. Comparisons with standard Voellmy model runs for Kandersteg and Val Pola (Figure 11) show that the standard Voellmy model is even less capable of reproducing the higher slope gradients than the R model.
[58] We also performed comparisons between the observed and modeled deposit thickness of the Val Pola and Kandersteg events using only the results from the R model. We considered the entire modeled deposit extent as well as only the overlapping regions (Figure 13a ). Of course, the general frequency distribution does not display the differences in deposit thickness between observations and modeled deposits. For this we used overlapping regions which serve to describe the differences in deposit thickness between observed and modeled deposits. Both modeled deposits replicate the observations showing a high frequency of thin deposit thickness (≤25 m deposit thickness). However, the . Spatial extents of modeled and observed rock avalanche runout extents and adjacent rock avalanche scar. Gray arrows describe rock avalanche flow direction. C.O.A. denotes center of area for deposition: filled circle for modeled events, hollow circle for deduced events. Black and white crosses indicate location of center of gravity for modeled and observed deposits, respectively. Uncertain extent at "Kleines Rinderhorn" site: Observed deposit is derived from geologic maps, but distal points lie far from channel, so estimates from DEM were added, these are named as "uncertain extent." Observed deposit at Val Pola sites is only derived by topographic differences between prefailure and postfailure DEMs, it does not fit to mapped deposit extent [Crosta et al., 2004] .
relative frequency continuously decreases with increasing deposit thickness, which the R model is able to reproduce in general. At Kandersteg, the R model predicts a secondary peak near 100 m thickness that is not apparent in the observations. This peak is even more prominent when using only the overlapping area of both deposits (observations and modeled) as a comparison. Val Pola does not show a secondary peak of the same magnitude, but also here there develops a secondary peak (at around 30 m) when using the overlapping areas. Discrepancies between the observed and . The model appears to be producing a Gaussiandistributed error in predicted deposit thickness (Figure 13b) , suggesting that the mean deposit thickness could be adequately modeled ( Table 1 ). Assuming that the mass balance of the case studies is correct, the large positive and negative thickness deviations occur when the rock avalanche hits the counterslope. The model predicts that the avalanche front does not become stationary on the counterslope, but falls back to the valley bottom, leading to large negative deviations (there is too much mass at the valley bottom) and large positive deviations (there is no mass on the counterslope). A better prediction of thickness deposits therefore requires accounting for the increased energy dissipation during counterslope runup, this low loss of energy may also be responsible for the high discrepancy between observed runup [Crosta et al., 2004] and our simulation (Figure 14) . Figure 13 . ( Figure 15 depicts avalanche flow heights for the Val Pola rock avalanche for times ranging from 0 to 220 seconds after initiation (see Figure 16 for Kandersteg rock avalanche). The event shows the rapid acceleration of the sliding mass, reaching a peak velocity 91 m/s at Val Pola (Figure 17 ). The mass elongates as it departs the release scar and a characteristic flow head (with high velocity and larger flow heights) and tail (with low velocity and smaller flow height) develop. Because we assume a granular flow at release, the block-like behavior immediately after release cannot be modeled. The fragmented avalanche then runs up the counter slope and spreads up and down the valley along the valley axis, reaching the final runout distances, which we have noted are in good agreement with the observations. The R model predicts maximum velocities of the Val Pola event, 30% percent higher than predicted by the standard Voellmy model (Figure 17 ) and by Crosta et al. [2004] . The total event durations are similar, approximately 180 s after initiation the landslide deposit has settled. The events shows considerable backflow on the counterslope, indicating that the energy dissipation induced by internal flow deformations at counterslopes is presently underestimated. [60] The maximum specific random kinetic energies predicted by the R model are on the order of 120-425 kJ/m 3 ( Figure 17 ), roughly 10% to 20% of the maximum translational kinetic energies of the events. These relative amounts are higher than values found for dense granular snow avalanches, which are typically on the order of 10% [Bartelt et al., 2006; Buser and Bartelt, 2009; Bartelt and Buser, 2010] . The spatial distribution of the maximum random kinetic energy (Figure 17 ) provides an idea of the decrease in Coulomb friction. The lowest values of m(R), which are encountered at the location of maximum R, see equation (26), are found to be m ≈ 0. This indicates that only viscous friction (the x term) is breaking the avalanche head. Behind the fast moving avalanche front, the m(R) values increase significantly, causing the avalanches to elongate and the trailing mass to stop on steeper slopes. The effect is visible in Figure 11 where there is an obvious shift of deposition frequency to the higher slope gradients, in comparison to the standard Voellmy model.
Center of Deposit Area, Center of Deposit Mass
[61] We compared the locations of the observed and calculated centers of deposit areas (Figure 10) . This difference provides a measure of the overlapping accuracy between the observed and calculated deposit areas. The differences D C , measured relative to the observed total deposit length D, are 10% for Chironico and Goldau, 7% for Kleines Rinderhorn and the remaining events are less than 5% (Table 1) . Since the calculations demonstrated some spurious lateral spreading, Figure 10 , the good agreement between observed and calculated center of areas, indicates that the lateral spreading was approximately equal on both lateral sides of the deposits.
[62] We also compared the observed and calculated center of gravity, taking deposit thickness into account. However, we calculated the mass centers only for two events, Kandersteg and Val Pola, where we were confident of the prefailure topographies. In Kandersteg, the calculated center of mass is located farther downstream, whereas in Val Pola, the center of mass is located closer to the release scar ( Figure 10 ). We stress that the location of the observed center of mass is based on our assumption of prefailure topography.
Discussion
[63] Our comparison shows an overall good agreement between modeled and field-derived surface characteristics of deposits from large, catastrophic rock slope failures. This lends support to the notion that the model is useful for simulating the emplacement geometry of rock avalanche deposits sufficiently well (Figure 10) . Nevertheless, some model results deviate from the field data. In the following we discuss potential reasons for this mismatch. 
Metrics of Validation
[64] Obvious sources for the observed mismatch are uncertainties inherent to the morphometric parameters, which reflect unknowns in both the prefailure and postfailure topography. Errors regarding prefailure topography depend on the appropriate definition of initial and boundary condition, whereas errors in postfailure topography results from modification of landslide deposits by subsequent surface processes.
[65] The predetachment topography of the source areas of large rock slope failures can only be reliably reconstructed where scars are traceable and unmodified by subsequent failures or scree mantles. In contrast, valley-floor sections that have been buried by landslide debris require interpolation of river longitudinal profiles and hillslope inclinations using the geometry of adjacent reaches unaffected by the landslide. Such geometric interpolations may produce substantial errors (i.e., ±30 to 50and deposition area prediction. Dilation and sediment bulking of the moving landslide mass further complicate such volumetric estimates [Hungr and Evans, 2004] .
[66] Overall, we found that although the problem of quantifying topographic change associated with landsliding may be constrained where prefailure and postfailure DEMs are available, substantial variations between DEM-derived and mapped deposit extents are still possible (Figure 10 and Crosta et al. [2004, Figure 4] ). However, the model is capable of mainly realistically representing total affected area and runout in most cases without any additional calibration. This supports the view that the model is insensitive with regard to potentially spurious choice on topographic boundary conditions. However, even for the better investigated rock slope failures such as Goldau, back-calculation may turn out to be limited in topographically unconfined and very flat runout areas, particularly if water bodies additionally mask the extent of landslide deposits, thus also limiting calibration and validation (Figure 10 ).
[67] Postfailure modification of landslide debris comprises processes such as infill of surface depressions, secondary failures, lake impoundment and sedimentation onlapping onto landslide debris, and fluvial dissection, all of which may alter the morphometric signature of landslide deposits [Crosta et al., 2004; von Poschinger, 2005; Hewitt, 1998; Densmore and Hovius, 2000; Korup et al., 2006] . Dissection of rockslide and rock avalanche deposits by fluvial gorges may have altered the slope angle distributions of Flims, Chironico and Totalp. This makes it necessary to focus on less obvious altered surfaces for achieving reliable and comparable results.
Comparison With Other Models
[68] Numerical runout modeling of large landslides has some tradition, and a number of studies based on granular Figure 17 . Overall comparisons of Voellmy velocity distributions with R model velocity distributions and the production of random kinetic energy. This graph describes the total amount of velocities and random energy in every place the rock avalanche flowed, not only where deposits rested. flow models, [e.g., Kelfoun and Druitt, 2005; Körner, 1976; Crosta et al., 2004; Hungr, 1995] have focused on achieving the most accurate back-calculation for a given landslide case study. At the same time these studies highlighted the need to individually tune model parameters to faithfully reproduce the key runout characteristics.
[69] Compared to other numerical models (including the Voellmy model), we identify a number of distinct advantages:
[70] 1. A number of authors have proposed elevated pore fluid pressures as agents of reduced basal friction in large landslides [e.g., Kelfoun and Druitt, 2005] . While we acknowledge these studies, we point out that our R model does not require additional agents to justify frictional reduction, unless the inclination of the basal layer in the release zone is less than approximately 20°. In this case, other agents (water, ground shaking) are necessary.
[71] 2. Albeit the investigated events differ mainly in failure volume, runout geometry and age, our model shows that it is possible, with a limited set of variables, to simulate many different events with adequate results. This stands in contrast to many earlier modeling approaches, where the preconditions and flowing mechanisms were fitted as close as possible to one specific case study with little application potential of these site-specifically calibrated parameters to apply on other similar events.
[72] 3. We find that Voellmy-based models are difficult to calibrate to produce realistic surface topographies of landslide deposits [e.g., Crosta et al., 2004; Kelfoun and Druitt, 2005, Figure 11 ], whereas our R model produces more realistic distributions of slope gradients. Although of minor priority for hazard analysis, the typically hummocky and chaotic topography of deposits from large rock slope failures is prone to substantially alter surface runoff and drainage patterns. Being able to predict the general morphology of large valleyblocking landslide deposits is a crucial step to assessing the effective heights.
Implication for Runout Modeling
[73] By supplementing the depth-averaged mass and momentum equations (equations (17), (18), and (19)) with an equation governing the production and decay of mean random kinetic energy R (equation (15)) we have introduced two new irreversible energy fluxes in the physical description of rock avalanche flow. These energy fluxes control the frictional shearing because the net amount of R causes a reduction of Coulomb-and velocity-dependent friction. Our approach exploits the thermodynamic fact that the energy consumption has distinct one-way character: The gravitational work rate must be divided into both translational and random kinetic energies, before it is converted entirely to heat. Because all energy is obtained from only one source, the potential energy, which depends on the avalanche mass, the net amount R is likewise dependent on the mass. Therefore, the conversion of potential energy into heat is not only strongly dependent on the mass, but also on the amount of nondirectional kinetic energy that can be stored in the rock fragments.
[74] Not only does the R model help explain long avalanche runout, it also helps describe the structure of avalanche deposits. The simulations illustrate that for typical rock avalanche flow paths, R is large at the avalanche front, indicating a sharp reduction of frictional work. The front therefore moves far and fast as long as the near-front mass remains large enough to sustain large R. If the front is not supplied with mass (which supplies gravitational work) from the tail, then R will decay and the net friction will increase. The avalanche essential starves as it looses mass. Entrainment of additional mass along the flow path is therefore critical for avalanche flow because it provides an additional source of mass. At the tail of the avalanche, friction is large simply because no new additional mass is available from upslope of the flow to replace the mass which is moving toward the avalanche front. At the tail, all available mass has already been entrained. As the flow in the tail thins, the mass decreases and the net friction increases, causing the tail of a mass movement to stop even on steep slopes . The R model clearly shows more mass stopping on steep slopes than the standard Voellmy model (Figure 11 ), in closer qualitative agreement with avalanches which typically leave a thin deposit along parts of the flow path. The improvement (in comparison to the standard Voellmy model) results from the nonlinear feedback between R and frictional work: the production of R depends on the frictional work and the frictional work depends on R.
Conclusions
[75] We have applied a rock avalanche runout model to back-calculate eight documented avalanche events. The model accounts for the kinetic energy associated with the random movement of rock fragments. This energy is created by shear deformations within the avalanche and decays by inelastic interactions. Thus, the model contains two additional energy fluxes in comparison to standard depthaveraged models, such as the Voellmy model. The role of rock fragments is incorporated in the model equations as a term which describes a strong relaxation of Coulomb friction as a function of the net kinetic energy. At present we do not consider the fragmentation process itself; however, in future it might be possible to consider this effect. This would be helpful to describe the initial block-like movement and its conversion into a fluidized flow.
[76] Because we applied the model using only one set of friction coefficients for all eight avalanches, we were able to gauge model performance without site-specific parameter optimization. Thus, the model may be helpful as a predictive tool in landscape evolution studies and natural hazards investigations. However, at this stage the model does not include different rock material properties. Therefore, it is still far from applicable to reproduce rock avalanches in their complete variety. To this end, more well documented case studies are required, especially information concerning the dispositional factors and mass balance. The primary goal of our study was to mechanically describe the important role of rock fragments on avalanche runout and deposit distribution.
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